As cables are primary load carrying members in cable-stayed bridges, monitoring the tension forces of the cables provides valuable information regarding structural soundness. Incorporating wireless smart sensors with vibration-based tension estimation methods provides an efficient means of autonomous long-term monitoring of cable tensions. This study develops a wireless cable tension monitoring system using MEMSIC's Imote2 smart sensors. The monitoring system features autonomous operation, sustainable energy harvesting and power consumption, and remote access using the internet. To obtain the tension force, an in-network data processing strategy associated with the vibration-based tension estimation method is implemented on the Imote2-based sensor network, significantly reducing the wireless data transmission and the power consumption. The proposed monitoring system has been deployed and validated on the Jindo Bridge, a cable-stayed bridge located in South Korea.
Introduction
As cables are primary load carrying members in cable-stayed bridges, monitoring the tension forces of the cables provides valuable information regarding structural soundness. The cable tension can be measured using load cells, strain gauges, electromagnetic (EM) stress sensors [1] , and vibration-based indirect estimation methods. Vibration-based methods are often used in practice due to the convenience and cost effectiveness of sensor installation, although estimation is not as accurate as direct measurement by load cells.
The vibration-based methods typically employ acceleration responses from cables that are converted to tension forces. The calculation using the measured acceleration depends on cable vibration theories such as (a) the flat taut string theory that ignores sag, extensibility, and bending stiffness, (b) the modern cable theory that considers the sag and the extensibility, (c) the cable theory that includes the bending stiffness, and (d) one in which both sag, extensibility, and bending stiffness are considered [2] [3] [4] . The accuracy of vibration-based estimation methods has been experimentally verified [4] .
Vibration-based methods incorporated with wireless smart sensors have great potential for autonomous, long-term monitoring of cable tension. Although traditional wired data acquisition is commonly used for the vibration-based methods, the wired system is impractical for long-term monitoring as it requires permanent wiring of all the sensors installed on each cable to the central base station. However, because wireless communication is less reliable than wired, several approaches have been developed to address the communication issue. One of them is in-network data processing that only transmits essential information to the central base station rather than all measured data [5] [6] [7] [8] [9] [10] [11] [12] [13] . The in-network data processing significantly reduces the amount of data and thus the possibility of data loss. In particular, in cable tension monitoring, the essential information to be collected is a tension value, which is much smaller than the whole time history data of acceleration. As such, the wireless smart sensor can be considered to be a practical alternative to the autonomous long-term monitoring of cable tensions.
Cho et al [14] initially developed a tension monitoring system by implementing a vibration-based method proposed by Zui et al [2] on smart sensors. This approach consists of seven formulae to estimate tension forces, considering the sag, extensibility, and bending stiffness. These formulae are converted into a recursive form, embedded into the computational core of the smart sensors. An automated peak-picking method was used to find the first three natural frequencies required for Zui's formula, based on the general characteristics of the cable vibration. Only estimated tension forces are then transmitted to the base station. The system was experimentally verified in a laboratory environment using a steel cable with both ends fixed. While this early study of cable tension estimation using smart sensors has appeared to be promising, several practical issues need to be addressed before using the smart sensors for long-term monitoring, including operation scheduling, power management, and autonomous and robust operation.
This study presents an automated wireless cable tension monitoring system. The proposed system employs in-network data processing to calculate cable tension on each node using a closed form relationship between natural frequencies and a tension force, developed by Shimada [15] . The proposed cable tension monitoring system features an automated scheduler called AutoMonitor, that allows the wireless smart sensor network (WSSN) to run on a regular basis, and sleep cycling to reduce power consumption by allowing sensor nodes to be in a sleep mode during most of the operation time [16] . The proposed system is experimentally validated in the second Jindo Bridge, which is a cable-stayed bridge located in South Korea.
Vibration-based cable tension estimation method
The vibration-based method proposed by Shimada [15] is selected for implementation in the wireless cable tension monitoring system developed in this study. This method, one of the commonly used vibration-based methods, uses an explicit relationship between the tension force and the natural frequencies of a cable. As the natural frequencies of a cable are approximately integer multiples of the lowest one in general, the automated peak-picking to identify natural frequencies is relatively straightforward to implement. Thus, the vibration-based method by Shimada is considered suitable for automated systems. This section briefly describes the method.
Assuming the tension force T is constant over the entire cable, the equation of motion of the inclined cable with bending rigidity shown in figure 1 can be written as w g
where z is the deflection, w is the weight density per length, EI is the bending stiffness, and g is the gravity. Assuming pinned boundary conditions at both ends, the solution is
where L is the length of the cable, f n is the natural frequency, and n is the order of the natural mode. A linear regression with multiple sets of (f n /n) 2 and n 2 leads to estimation of the tension force T and the bending stiffness EI.
Although the sag and extensibility are neglected, this simple approach provides a practical solution for an automated cable tension estimation system by incorporating equation (3) with automated peak-picking and linear regression. In addition, as this estimation method involves linear regression of multiple natural modes, difficulties in distinguishing the cable dynamics and the cable-deck interaction can be easily avoided by discarding low frequency modes that can be in the range of the cable-deck interaction. Note that Zui's formula is inappropriate for the automation in such cases because it uses the lowest three frequencies which can be near the cable-deck interaction modes, while it considers the sag, extensibility, and bending stiffness of a cable. Implementation of this estimation method on a WSSN is an essential part of the proposed wireless cable tension monitoring system as described in section 3. 
The proposed wireless cable tension monitoring system

Overview
The wireless cable tension monitoring system is developed for autonomous monitoring of the cable tension. The system is designed to exploit the advantages of the smart sensors and the vibration-based tension estimation method. The smart sensor generally refers to a sensor that is capable of wireless communication and on-board computation, locally powered, inexpensive, and relatively small. These features of the smart sensor incorporated with the tension estimation method form the basis of the wireless cable tension monitoring system.
As shown in figure 2 , the monitoring system consists of hardware and software layers. The smart sensors are the main body of the hardware layer: the MEMSIC Imote2 smart sensor platform [17] shown in figure 3 is selected in this study due to its powerful computing capability, large memory spaces, and hardware and software reliability. Each Imote2 sensor node includes an SHM-A sensor board that has three-axis accelerometers and a 16-bit analog-to-digital converter (ADC). These sensor nodes are called leaf nodes, and are installed on the cables to measure acceleration responses and estimate the cable tensions; data packets containing the calculated cable tensions are wirelessly transmitted to the gateway node that is wire-connected to the base station and controls the network operation. The base station stores the cable tensions with time stamps that are allowed to be accessed through the internet connection.
The development of the software layer is based on the Illinois Structural Health Monitoring Project (ISHMP) Services Toolsuite, which provides a software framework for wireless smart sensor networks (WSSNs) [16, 18] . As the toolsuite has essential software components required for full-scale, long-term monitoring, the development is focused on implementing the tension estimation method on Imote2 as an individual application, compatible with the toolsuite.
The software layer consists of multiple software components, depending on the type of nodes (i.e., gateway and leaf nodes). The gateway node has SnoozeAlarm, AutoUtility, AutoScheduler, and CableTensionEstimation enclosed in AutoMonitor (see figure 2) . Note that AutoMonitor with SnoozeAlarm, AutoUtility, and AutoScheduler is from the toolsuite.
• AutoMonitor is a network manager application, specifically intended for the gateway node. It is designed to include multiple applications and can run without conflicts based on user-defined scheduling and job priority.
• SnoozeAlarm is power management software that allows inactive leaf nodes to sleep for the purpose of power saving.
• AutoUtility is used to check the network status such as the voltage level, charging status, and temperature.
• AutoScheduler is job scheduling software, so that multiple applications can run on the gateway node.
• CableTensionEstimation is an application that estimates the cable tensions.
As opposed to the gateway node that has all applications enclosed in and controlled by AutoMonitor, the leaf nodes have SnoozeAlarm, AutoUtility, and CableTensionEstimation as independent applications to each other. When AutoMonitor at the gateway node has a certain application to work with the leaf nodes, the corresponding application in the leaf nodes conducts the requested tasks. As such, the applications in the leaf nodes run on demand. As these software components are provided by the toolsuite, the development of the software layer is focused on CableTensionEstimation, the main engine for the tension calculation.
Implementation of CableTensionEstimation
The tension estimation method only uses information corresponding to each cable (e.g., sectional and material properties and natural frequencies); thus, information sharing between leaf nodes attached on different cables is unnecessary. This estimation procedure can be implemented as a network strategy, called independent processing, that conducts data processing locally on each leaf node and brings only the processed data back to a central location [7] . The processed data in the independent processing is typically small compared to raw sensor data, as is the case in the proposed scheme. As such, independent processing is efficient in minimizing the size of the data transferred wirelessly. Thus, the tension estimation method is implemented on the WSSN using the independent processing scheme.
CableTensionEstimation is an application that calculates cable tension based on the previously described vibrationbased method. CableTensionEstimation is developed using the software components provided by the toolsuite such as IndependentProcessingPSD for the power spectrum and SensingUnit for the network-wide sensing. CableTensionEstimation first performs sensing and estimates the power spectrum that can provide the natural frequencies of each cable using an automated peak-picking method; linear least square fitting is performed using the natural frequencies to obtain the cable tension. The schematic diagram for the operation flow of CableTensionEstimation is shown in figure 4 . Note that the tension estimation component noted as CTECALC in figure 4 is the implementation of equation (3) proposed by Shimada and can be replaced with other vibration-based methods in the event that equation (3) yields inaccurate tension estimates.
A simple peak-picking procedure is implemented in CableTensionEstimation: a peak is searched in a small frequency range around an approximate natural frequency initially provided to CableTensionEstimation. Once the largest peak near the provided frequency is identified, the natural frequency is determined by approximating the peak to that of the single degree-of-freedom system. Due to this optimization process, the natural frequency between two spectral lines in the frequency domain can be obtained. In addition, two assumptions are made to justify the peak-picking method: (1) the natural frequencies of the cable are well separated, and (2) the changes over time are small compared to differences between two consecutive natural frequencies. The validity of these assumptions will be discussed in section 4.
Experimental validation
Jindo Bridge
The Jindo Bridges pictured in figure 5 are twin cable-stayed bridges constructed in 1984 (the first Jindo Bridge) and 2005 (the second Jindo Bridge) to connect Jindo Island and the town of Haenam, located at the southwestern part of the Korean Peninsula. The second Jindo Bridge, on the left in figure 5 , is selected as a test bed for the full-scale, long-term monitoring WSSN under collaborative research between Korea, the US, and Japan, and the developed system is deployed here as a result of the collaborative research [19] [20] [21] . The cable tension monitoring is conducted as part of the ongoing research.
The second Jindo Bridge features three continuous spans (344 m mid-span, 70 m for each side-span) and a total of 60 steel parallel wire strand (PWS) cables that support the bridge deck (see figure 5) . The pylons are located on land due to the high-speed tidal currents; thus, bridge scour is not a concern. Instead, wind-and traffic-induced vibrations are a potential threat to structural health for this lightly damped structure. 'Jindo Bridge' indicates the second Jindo Bridge in the rest of this paper.
Deployment of the sensor network
The wireless tension monitoring system consists of 12 leaf nodes installed on the southeastern cables of the northeastern half of the second Jindo Bridge (see figure 6 ). The base station is placed on the pier of the first Jindo Bridge to secure the line of sight to all leaf nodes for reliable radio communication. Note that the distance between the base station and the pylon of the second Jindo Bridge is about 10 m.
A leaf node is configured as shown in figure 7 , consisting of an Imote2, a sensor board, an external antenna, and a rechargeable battery, contained in an environmentally hardened plastic enclosure. A solar panel is attached on top of the enclosure (see figure 7) to recharge the battery. A plastic plate is bolted to the enclosure to facilitate installation on the cable using U-shaped steel bolts.
The base station, pictured in figure 8 , is an industrial grade PC running on Windows XP with an uninterrupted power supply (UPS), housed in an environmentally hardened case. The base station is connected to the gateway node that controls the operation of the sensor network. The base station can be remotely accessed from local computers via the internet connection. To improve radio communication between the gateway node and leaf nodes, a larger 7 dBi antenna (see figure 8 ) with a power booster is used for the gateway node, compared to the leaf nodes' 2 dBi antennas. 
Autonomous cable tension monitoring
The tension forces of the cables are monitored using the wireless cable tension monitoring system. In the initialization step prior to the autonomous operation of CableTensionEstimation, reference natural frequencies should be provided to enable the automated peak-picking to search around them. These frequencies are subsequently stored in the network and used when CableTensionEstimation is running.
To obtain these reference frequencies, a pre-test is conducted and the power spectra of the measured accelerations are calculated (see figure 9 for node C3). Note that the cable-deck interaction and the cable's natural modes are mixed in the low frequency region below 2 Hz; thus, these low frequency modes are not considered as reference frequencies for the autonomous peak-picking. In contrast, the peaks above 2.5 Hz are well separated, validating the first assumption made for the proposed peak-picking procedure. The second assumption, that the natural frequency change is small compared to differences between adjacent natural frequencies, can be clearly validated by observing figure 10.
For slender and low-sagging cables as in the Jindo Bridge, both x-axis (out-of-plane) and z-axis (in-plane) accelerations show almost identical and well-separated peaks at nearly constant intervals, while the y-axis (axial) acceleration has little of the dynamics of the cable. Because using both x-and z-axis acceleration is redundant for identification of natural frequencies, only the z-axis accelerations are used for CableTensionEstimation. Natural frequencies for each cable node as well as the cable properties (see table 1) are stored in the gateway node and disseminated to each leaf node before starting the monitoring phase. Note that Park et al [22] estimated the effective length by comparing the tension forces before and after the damper installation.
Cable tensions were tracked with temperature using CableTensionEstimation in conjunction with AutoMonitor from 1 June 2012 to 5 July 2012, as shown in figure 11 . figure 11(a) . As such, the tension monitoring results suggest that no particular event has occurred during the monitoring period. The tension forces for C2 and C8 are shown in figures 11(b) and (c), to better describe the changes over time along with temperature. As force redistribution over the entire structure is expected due to temperature change, the temperature dependence of the tension forces is considered. To identify the dependence, two approaches are employed: (a) linear regression, and (b) the angle between tension and figure 12 suggests that the tension force and the temperature are weakly correlated. Note that the regression values of the linear regression are calculated as shown in table 2, with much deviation from 1 or −1, that represents the perfect linear dependence. However, the correlation between the tension and the temperature can be partially observed, particularly during 18-25 June, in figure 11(c) . Thus, the cable tension can be concluded to be weakly related to the temperature.
Voltage levels for each node are monitored using AutoUtility, as the power consumption is one of the most important issues in the long-term monitoring. The voltage levels of the leaf nodes are observed to be consistent during the cable tension monitoring as shown in figure 13 , due to the energy harvesting by the solar panels. The minimum voltage level specified in CableTensionEstimation for sensing is 3.6 V; in the event of lower voltage than this minimum, the leaf node is set to a charging mode and is excluded from the tension monitoring until the voltage level is recovered. The voltage levels of C8, C11, and C12 are around 3.8 V, which is lower than the other nodes but consistently higher than the minimum of 3.6 V. As such, the energy harvesting by the solar panels provides sufficient power for CableTensionEstimation with AutoMonitor during the field testing period, showing the possibility of sustainable power supply for the long-term monitoring.
Conclusions
A wireless cable tension monitoring system using smart sensors is presented in this study. The system was developed using the MEMSIC Imote2 smart sensor platform, implementing the vibration-based cable tension estimation method associated with the network operating software provided by the ISHMP Services Toolsuite. Imote2 is capable of acceleration measurements, wireless communication, and power harvesting, necessary for the long-term monitoring of cable tensions. The software layer has multiple individual applications including CableTensionEstimation, AutoScheduler, SnoozeAlarm, and AutoUtility, primarily controlled by AutoMonitor. CableTensionEstimation, based on the independent processing scheme, measures acceleration responses, estimates the power spectrum of the responses, performs autonomous peak-picking using the power spectrum to obtain natural frequencies, and calculates cable tension forces that are subsequently transmitted to the base station.
CableTensionEstimation associated with AutoMonitor is used in the WSSN deployed on the second Jindo Bridge. Cable tensions have been autonomously monitored using the wireless cable tension monitoring system. The temperature dependence of the tension force was investigated. In addition, the voltage levels for the leaf nodes were seen to be consistently higher than the minimum voltage level, showing that the wireless system is sustainable in terms of power consumption for long-term monitoring. Problems were also shown in the results, such as missing data; the system needs to be improved to have more reliable wireless communication for stable and consistent operation. Although such issues were identified, the wireless cable tension monitoring system has been shown to be promising for monitoring cable tensions.
